Abstract. The repetitious activity of the contractile vacuole (CV) of Tetrahymena is vital to the integrity and homeostasis of the cell. Although the processes and morphology of the CV have been studied by several investigators, regulation of the expulsion of its contents remains unclear. This experimental investigation demonstrates that the known calmodulin inhibitors, N-(6-aminohexyl)-5-chloro-l-naphthalenesulfonamide (W-7), chlorpromazine (CPZ), trifluoperazine (TFP), and cadmium chloride (CdCl2) inhibit CV expulsion in a dose-dependent manner. Also, evidence is presented that the action of cadmium is related to the roles of calcium and calmodulin. The inhibition effected by each of these four compounds may be reduced by a "washout" procedure. These changes are defined by statistically significant equations as well as by graphic descriptions. Experimental evidence suggests that control of CV contraction frequency is mediated by calmodulin in a superficially located site (e.g., CV pore).
was identified in the cilia and basal bodies of Paramecium, using affinity labeling against mammalian calmodulin (Maihle et al., 1981) . Christenson (1985) found calmodulin associated with the CV pore of Tetrahymena vorax, using an anti-rat testes calmodulin antibody. This also was demonstrated earlier by Suzuki et al. (1982) , who found calmodulin localized in the contractile vacuole pores of Tetrahymena pyriformis, and demonstrated further trifluoperazine's (TFP) dose-dependent inhibition of CV excretion and inhibition of phosphodiesterase activation.
These earlier studies suggest that both calcium and calmodulin are involved with CV structure and/or its function. The present report presents further evidence, using quantitative measurements of the interval between the contractions of the CV (frequency) to support the contention that frequency of CV activity is influenced by a calcium-calmodulin system.
MATERIALS AND METHODS
Tetrahymena pigmentosa (strain XE8, courtesy of D. L. Nanney, University of Illinois) were inoculated (15,000 cells into 50 ml medium) and grown for 24 h in 300-ml nephelo-flasks in an axenic culture of 2% proteose peptone (Difco 0120), 0.1% yeast extract (Difco 0127), 0.1% NaC2H3O23H2O (sodium acetate), 0.1% Na2HPO4 (sodium phosphate). During this period, cultures were maintained at 25?C and shaken at 60 rpm. Cells then were isolated by centrifugation for 5 min (at 1500 x g) and washed in a control buffer, 0.01 M (2-N-morpholino) propane sulfonic acid adjusted to pH 7 (MOPS, from United States Biochemical Corp., Cleveland, Ohio). Centrifugation and washing were repeated, followed by a final centrifugation and resuspension in the control buffer. After the cells were held in the control buffer solution for 20 min at 25?C, each experimental compound was added to the cell solution and mixed to yield the final desired concentration. Based upon preliminary experiments, 20 min allows time for the cells to stabilize the frequency of CV activity. Cronkite et al. (1985) , using Paramecium, found a similar CV activity delay following an up-shift in osmolarity of the external medium. Apparently, such delays in Paramecium occur with either an up-shift or a down-shift in osmolarity of the medium (D. L. Cronkite, personal communication). Each experimental compound was prepared as a concentrated stock solution (1 x 10-3 M) dissolved in the control buffer, divided into small aliquots, and frozen until used.
Simultaneous with addition of each experimental compound, a microcomputer timing-data collection program was activated (Bergquist, 1988) . In addition to the MOPS buffer control, the experimental compounds were tested over concentration ranges of 1 x 10-5 M to 5 x 10-5 M, depending upon the specific compound. These included the heavy metal cadmium (as CdCl2, from Aesar, Johnson Matthey, Inc., Seabrook, New Hampshire); the phenothiazine drugs, trifluoperazine (TFP) and chlorpromazine (CPZ), and the naphthalenesulfonamide derivative, N-(6-aminohexyl)-5-chloro-l-naphthalenesulfonamide (W-7) (from Sigma Chemical Co., St. Louis, Missouri).
After the timing program was started, drops of the experimental solution containing cells were placed on a petroleum jelly-spotted microscope slide and covered with a coverglass; the coverglass was pressed down to facilitate cell entrapment in the matrix. A single cell within a group of cells then was isolated visually and observed at 200x or 400x. When each CV contraction was observed, the computer space bar was depressed. Only one intercontraction interval was measured per cell. A new slide was prepared for observation after approximately 10 cells on a slide were timed; each new slide was designated by pressing the "N" key, which produces a line of dashes on the hardcopy printout before data collection was continued. Data collection was terminated when approximately 50% of the cells on the slide showed evidence of lysing or an adequate sample size was achieved. Generally, the sample size was smaller in experimental solutions effecting a rapid change in intercontraction interval.
In a second part of the study, each of the four compounds was tested in a "washout" experiment. After the cells had been exposed and measured in a given experimental solution for 1,200-1,500 sec, the time depending upon compound being used, the cell suspension was centrifuged and the experimental supernatant removed as defined above.
Subsequently, the pellet of cells was resuspended in the MOPS control buffer, and the CV contraction interval was measured again, until approximately 1 h of experimental time had elapsed.
The data were plotted on semilog plots for comparison of changes effected by the experimental treatments. Based upon theoretical explanations, and actual application, the intercontraction interval values were transformed to their log (logarithm base 10) values. Using log of the intercontraction interval (LI) produced a better fit in the linear regressions comparing intercontraction interval vs. time of exposure. The inhibitory effectiveness of each compound was demonstrated by plotting the slope (first derivative) resulting from a given treatment vs. its molar concentration. Comparison of such plots from each of the four compounds was used to determine the relative inhibitory effectiveness of the four compounds. The LI and time data were analyzed statistically using analysis of variance (ANOVA), and linear regression analysis techniques (for further explanation, see a statistical reference; e.g., Sokal & Rohlf, 1981) .
RESULTS
All of the compounds tested were found to produce a dose-dependent inhibition (increased time period between contractions) of CV function. This is shown clearly in the tables of regression equations relating the drug exposure time vs. LI (Tables I-IV) . Apparently, however, both the degree of inhibition and dose-response curves of the compounds differ. On a molar basis, W-7 was found to cause the lowest level of inhibition. This was followed by CPZ, TFP, and CdC12, respectively, each of which produced increasing levels of inhibition ( All regression equations represent composite results of two or more replicate experiments. NS, not significant. LI, log interval. P, With a probability of 0.05 or less, the regression describing intercontraction interval on time is accepted as statistically significant. of compound exposure. The level of statistical significance is given for each experimental condition. In most cases, the regression line was found to be statistically significant (probability <0.05), which indicates that the relationship between the two variables is explained by the regression and is significantly different from 0. Non-significant regressions demonstrated that no inhibition was effected by a particular concentration of compound or that there was a disparity in the data (scatter).
In addition to the relative differences in the inhibitory effects of specific compounds, Fig. 1 also illustrates a clear difference in the slopes (second derivative) for each compound. In this regard, CdCl2 shows a strong threshold of effectiveness at approximately 1 x 10-6 M (Fig. 1) . The zone of transition from lack of inhibition to strong inhibition is very rapid, followed by a plateau of inhibitory effectiveness. Comparison of the slopes for each compound (Fig. 1 ) also suggests two different mechanisms of action for the compounds tested. Although CPZ, TFP, and W-7 produced different magnitudes of inhibition, they all appeared to behave alike in that a more-or-less linear relationship existed between the concentration of each compound and the slopes (first derivative) of the inhibition lines. This contrasted greatly with the sigmoidalthreshold transition curve produced for CdCl2. In the second aspect of the study, each of the compounds was found capable of being removed by the "washout" procedure ( Figs. 3-6 ; Table VI), as contrasted with effects seen in the washout control experiment ( Fig. 2; Table VI ). (Table VI) . All of these regressions were found to be statistically significant function, namely the inhibition of ciliary activity (Bergquist & Bovee, 1976) . This molar concentration is of the same magnitude as that found for calcium and its effect on ciliary beat in Paramecium (see Naitoh & Kaneko, 1972 ) and control by calcium of the calmodulin-regulated ciliary beat in Tetrahymena (see McCartney et al., 1983) . A competitive interaction affecting ciliary activity also was demonstrated earlier for calcium and cadmium (Bergquist et al., 1986) . Cadmium produces a concentration-dependent transition from stimulation to inhibition in its influence upon calmodulin-mediated phosphodiesterase activity (Chao et al., 1984) . However, in the phosphodiesterase assay, this transition occurs at about 20 AM (2 x 10-5 M). Additionally, calcium and cadmium ions are related closely in their respective chemical properties (Baes, 1973) and also appear to bind to common sites on calmodulin fragments (Thulin et al., 1984) . All of these factors support the contention that CV contractile frequency is regulated by a calcium-calmodulin mediated mechanism.
The inhibitory phase of each washout experiment (BW, before washout) is defined by a linear equation with a positive slope. Conversely, the experimental data after each washout (AW) is defined by an equation having a negative slope
Examination of Y axis intercept values for the dose-response regression lines (Tables I-IV) The two-part aspect of the washout experiments makes these experiments subject to greater experimental variability. The clear differences in the inhibitory (positive, BW) slope and the slope describing the removal of inhibition (negative, AW) (Figs. 3-6 ; Table VI), strongly suggest that each of the four compounds tested may be removed by the washout technique, thus reducing the inhibitory effect of each compound.
Phenothiazine drugs have been shown to affect calmodulin-independent mitochondrial energy production (Dunn et al., 1984; Ruben & Rasmussen, 1981) and morphology (Dudani & Gupta, 1987) . Cadmium also has been demonstrated to reduce cellular ATP levels (Waters et al., 1978) . Although a mechanism linked directly to energy availability in the cell cannot be totally elim-inated, this investigation does not suggest such a mechanism. Because these effects would require some lag time prior to manifestation, and the effects of these drugs, if mediated through mitochondria and ATP, would be indirect, a mechanism linked to energy availability in the cell presumably is not involved in the inhibitions found in this investigation.
Calmodulin appears to be associated with the CV pore of Tetrahymena (see Christenson, 1985; Suzuki et al., 1982) , suggesting that the regulatory mechanism of vacuolar emptying is calmodulin-mediated and actually operates at the CV pore. The results of these experiments also lend support to the regulation of CV contraction frequency by a peripherally located mechanism. If a compound must travel to a controlling mechanism located physically deep within the cytoplasm (e.g., CV) before inhibiting CV contraction, a lag time prior to the onset of inhibition would be expected. Likewise, a similar lag time would be expected with the washout experiments. Although the data are not so precise as to preclude a lag time, the data emerging from the experiments with the organic calmodulin inhibitors suggest that none is present. McKanna (1973) provides additional support for control of CV contractile frequency at the pore. His ultrastructural work supports the contention that the CV diaphragm in Paramecium functions as an active, rather than a passive, control unit. Landry et al. (1981) demonstrated a correlation between the capability of several organic calmodulin inhibitors to inhibit calmodulin function and their ability to stabilize cellular membranes. Thus, those studies showing effects from organic inhibitors, might be the result of membrane-level effects other than a direct effect upon calmodulin. However, the evidence presented above suggests the involvement of a calcium-calmodulin system in the regulation of CV activity.
